Sônia N Báo Wanderley de Souza Abstract A freeze-fracture study was carried out on spermatid and spermatozoon of the mosquitoCulex quinquefasciatus. In the spermatid plasma membrane few and randomly distributed intramembranous particles were observed. In the spermatozoon the density of intramembranous particles was higher on the P-than on the E-fracture face of the plasma membrane. Two populations of particles were observed. Large particles (about 15 nm in diameter) are regularly arranged in double rows as a zipper-line, longitudinally oriented in relation to the main cell axis. These strands of particles were observed in the posterior head region, mainly associated with the E-fracture face. Filipin was used to analyse the presence and distribution of cholesterol in thin sections and freeze-fracture replicas. Filipin-sterol complexes were not homogeneously distributed throughout the spermatozoon plasma membrane. They were more abundant on the P-fracture face of the membrane lining the nuclear region. The results obtained show thatCulex spermatozoon differs from those of other species in that its plasma membrane exhibits only a membrane domain, the zipper-line, localized in the postacrosomal region.
Introduction
The sperm maturation process involves a series of modifications in its physical, morphological, biochemical and physiological characteristics [2, 3, 12, 14, 27, 37] . Although the various sperm structure undergo distinct changes, probably the most significant modifications occur in the plasma membrane components, as has been shown in the spermatozoon of vertebrates. Its has also been shown that during the maturation and capacitation processes changes on the surface charge [8, 24, 25, 41] , exposition of lectin binding sites [1, 4, 20, 26, 34] , antigenic determinants and surface proteins [7, 15, 31, 33] and intramembranous particle distribution [16, 18, 35, 37] , take place. There is also strong evidence that alterations in the lipid composition of mammalian spermatozoa occur during their transit through the epididymis [13, 29] . Content of total phospholipid decreases during maturation in the epididymis. Also the sterol and sterol sulfate contents change during epididymal sperm maturation [22] . The distribution of plasma membrane cholesterol during the maturation and capacitation processes of the vertebrates sperm has been analysed using polyenic antibiotics, including filipin [11, 21, 23, 28, 36, 38] . However, few studies analysed the alterations that occur on the cell surface during insect spermatid differentiation and the capacitation process, which take place in the spermatheca [5, 9] . Recently, we demonstrated that the plasma membrane of Culex quinquefasciatus sperm is asymmetric, presenting a 30-nm thick carbohydrate-containing surface coat which disappears during the sperm storage in the spermatheca [6] . In the present study we used the freeze-fracture technique to examine the distribution of intramembranous particles (IMPs) and filipin-sterol complexes (FSCs) in the plasma membrane of the Culex quinquefasciatus male gamete.
Materials and methods
The testes and seminal vesicles of male adults, and spermatheca of mated females of Culex quinquefasciatus were obtained from an insect colony maintained in the Department of Entomology of the Instituto Oswaldo Cruz, Rio de Janeiro, Brasil.
Testes, seminal vesicles and spermatheca were dissected and fixed for 2 h at room temperature in 2.5°70 glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2, containing or not 100/zg/ml filipin. Filipin (Polysciences) was initially dissolved in dimethyl sulfoxide (DMSO) at a final concentration of 0.5% For examination of ultrathin sections, the specimens were postfixed in a solution containing 1070 osmium tetroxide, 0.8070 potassium ferricyanide, 5 mM calcium chloride in 0.1 M cacodylate buffer, pH 7.2. The specimens were dehydrated in acetone and embedded in Epon. For freeze-fracture, the glutaraldehyde and glutaraldehyde-filipin fixed spermatozoa were washed in 0.1 M cacodylate buffer, pH 7.2, and gradually impregnated during 30 min with glycerol in cacodylate buffer up to a concentration of 30070, in which they were left for periods varying from 3 to 12 h. Specimens were mounted on Balzer's support disk and rapidly frozen in the liquid phase of partially solidified Freon 22 cooled by liquid-nitrogen. Freezefracture was carried out at -115°C in a Baizer's apparatus. After fracturing, the specimens were platinum-shadowed and carbon-coated. Replicas were cleaned with disodium hypochloride, washed with several changes of distilled water and mounted on 300 mesh grids.
Ultrathin sections were stained with uranyl acetate and lead citrate, and were observed in a Zeiss 900 or a Jeol 100 CX transmission electron microscope. Freeze-fracture replica through the nucleus of the spermatid. Nuclear envelope (Ne) displays numerous nuclear pores (arrow) concentrated at some regions, x 17 000. 5. Freeze-fracture replica of the spermatid showing intramembranous particles (arrowheads) of different sizes randomly distributed throughout the plasma membrane. Depressions (arrow) are observed on the P-fracture face of the plasma membrane, x 31000.
Results
The Culex quinquefasciatus spermatozoon is a highly differentiated cell, which consists of two morphologically and functionally distinct regions : an elongated rod-like head, which contains the nucleus and the acrosome, and the tail, which is formed by an axoneme and two mitochondrial derivatives containing a crystalline matrix. The centriolar adjunct is located in the anterior portion of the flagellum. The sperm plasma membrane is asymmetric, with its outer surface slightly thickened by an overlying coat (figs 2, 3), a structure which was not observed on the spermatid (fig 1) .
Freeze-fracture
Freeze-fracture replicas revealed the presence of randomly distributed particles.
However, differences were observed in the density and distribution pattern of the intramembranous particles (IMPs) in the sperm membrane.
In initial stages of spermatid differentiation the nuclear envelope presented a large number of nuclear pores. However, they were not homogeneously distributed throughout the membrane, concentrating at some regions ( fig 4) . The nuclear pores disappeared after chromatin condensation and nuclear elongation. In these stages, the plasma membrane Of the spermatid displayed few and randomly distributed intramembranous particles, without evidence of typical particle organization pattern (fig 5).
In the spermatid intramembranous particles of different sizes were randomly distributed throughout its plasma membrane. Some depressions located on the P-fracture face of the plasma membrane of cells in the first stages of spermatid differentiation were seen (fig 5). In the last stages of the process of sperm maturation an organized array of particles appeared in the plasma membrane (figs 7-9).
Large (about 15 nm) and small (about 9 nm) particles could be identified on the P-and E-fracture faces of the plasma membrane of spermatozoan (figs 6 -9). The density of membrane particles was higher on the P-fracture face (312 _+ 77 IMP//zm 2) (fig 9) than on the E-fracture face (162 __ 44 IMP/~m 2) (fig 8) . The smaller particles predominate, mainly on the P-fracture face (table I) . A linear array of large IMPs was observed in a few regions of the Efracture face. The large IMPs appeared in double rows, as a zipper-like line, longitudinally oriented in relation to the main cell axis (fig 8) . Usually this zipperline appeared interrupted at several places. Our observations suggest that the linear array of particles is observed in the posterior head portion of the sperm, mainly associated with the E-fracture face of the plasma membrane. Very few organized particles were seen on the P-fracture face (figs 7, 9). The IMPs were randomly distributed on the P-and E-fracture faces of the plasma membrane lining the tail regions of the spermatozoon (figs 6, 7). Occasionally, clusters of particles were observed on the P-face of the plasma membrane (fig 6) .
The surface coat of the spermatozoon appeared as two rows of particles in freezefracture replicas (figs 7, 10).
Filipin treatment
Examination of thin sections and freeze-fracture replicas showed that the polyenic antibiotic filipin induced changes in the mosquito spermatids plasma membrane. In thin sections of filipin-treated spermatids and spermatozoon it was possible to visualize the characteristic wave configuration induced by the formation of filipin-cholesterol complexes in this membrane. Several hemispherical bulges were observed in the whole spermatid plasma membrane (figs 11 -16). The majority of the filipin-sterol complexes appeared in the nuclear region of the spermatid head (figs 11 -14). In contrast, the plasma membrane covering the acrosomal region presented few filipin-sterol complexes (fig 14) .
In the tail, the plasma membrane lining the transition zone or the centriolar adjunct region displayed few hemispherical bulges (fig 15) . Few filipin-sterol complexes were observed in the membrane lining the flagellum of the early spermatids (fig 16) . Filipin-sterol complexes were seen mainly in the membrane lining the head region of the spermatozoa found in the seminal vesicle (fig 17) and in the spermatheca (fig 18) . Filipin-sterol complexes were not seen in internal membranes, such as the acrosomal membrane, mitochondrial derivative membrane, or nuclear membrane (figs 13, 14, 16).
The filipin-sterol complexes were also observed in freezefracture replicas. They appeared as protuberances and/or invaginations on the fracture faces of the plasma membrane. The majority of filipin-sterol complexes appeared as protuberances on the Efracture face and invaginations on the P-fracture face (figs 19, 20) . As can be observed in figure   19 , the filipin-sterol complexes were densely distributed on the P-fracture face of the head region of the sperm plasma membrane. The density of filipin-sterol complexes was higher on the P-fracture face (290 + 10 FSC//zm 2) than on the E fracture face (175 + 22 FSC/~m 2) of the head region. However, on the flagellum region the filipin-sterol complexes occur in small density (table II) . Table I . Density of intramembranous particles on the fracture faces of the plasma membrane of the spermatozoon of Culex quinquefasciatus. Values are expressed in number of particles per btm 2. Table II . Density of filipin-sterol complexes on the plasma membrane overlying the head and flagellum regions of the spermatozoon of Culex quinquefasciatus. Values are expressed in number of particles per bLm 2.
Figs 6-10. Freeze-fracture replicas of mosquito spermatozoa. 6. This micrograph shows the P-and E-fracture faces of the plasma membrane of several spermatozoa. Clusters of particles (arrows) are observed in the portion of the plasma membrane lining the tail region (T). x 27000. 7. Freeze-fracture replica showing the sperm head (H) and the initial tail portion (T). The zipper-line (arrow) is located in the posterior region of the head and is not continuous. The plasma membrane overlying the initial tail portion shows randomly distributed intramembranous particles. The surface coat (arrowhead) appears as two rows of particles, x 46000. 8. The zipper-line is formed by two rows of particles associated with the E-face of the plasma membrane, x 40000. 9. The zipper-line is irregular but can be seen on the P-face of the plasma membrane, x 60000. 10. Detail showing the surface coat (arrow), x 112500.
Figs 11 -18: Thin sections of filipin treated spermatid and spermatozoa. 11. Thin sections through the nuclear region (N) of a spermatid showing the characteristic wavy configuration (arrow) induced by the formation of filipin-sterol complexes in the plasma membrane. M: mitochondria, x 13 500.12. Thin section showing a sterol-rich area of the spermatid plasma membrane, x 100000. 13. Longitudinal section through the spermatid head showing the characteristic wavy configuration (arrow) induced by the formation of filipin-sterol complexes in the plasma membrane lining the nuclear region (N). These complexes were not seen in the acrosomal region (A), x 52000. 14. Longitudinal section through the head of a spermatid in final stage of différenciation. The plasma membrane lining the nuclear region (arrow) shows an uniform distribution of filipin-sterol complexes. In contrast, such complexes appeared only in some regions (arrowhead) of the membrane lining the acrosomal region. A: acrosome; N: nucleus, x 53 000. 15. Cross section of centriole adjunct (Ca) and basal body (B). The plasma membrane in that region shows few filipin-sterol complexes (arrow), x 33 000.16. Cross section of falgellum of the spermatid. The plasma membrane lining this region presents few filipin-sterol complexes (arrow). Ax: axoneme; Md: mitochondrial derivative, x 50000. 17. Crosssection showing the head of a spermatozoon found in the seminal vesicle. Filipin-sterol complexes are observed in the plasma membrane (arrow). C: Coat; N: nucleus, x 100000. 18. Cross section showing the head of a spermatozoon found in the spermatheca. Several filipin-sterol complexes are observed in the plasma membrane. N : nucleus, x 87 000. 
Discussion
Studies carried out in the last years have shown that the spermatozoa are highly polarized cells presenting regional specializations of the plasma membrane. The evidence that the o~ganization and composition of the plasma membrane varied between different regions of the sperm surface led to the concept that the sperm plasma is a mosaic of restricted domains that reflects the specialized functions of the surface of the spermatozoon. Its anterior region is specialized for recognition, exocytosis of enzyme contained in the acrosome and fusion with surface oocyte during fertilization, while the membrane lining the tail region plays some role in the control of cell motility. Studies have demonstrated that these domains are dynamic features that undergo changes in organization and composition during the processes of differentiation and maturation of the spermatids (for reviews, see [14, 27, 30, 40] ).
Our present observations show that the spermatozoon of Culex quinquefasciatus does not present membrane specializations similar to those found in the mammalian spermatozoon. In the spermatid the intramembranous particles are randomly distributed throughout its plasma membrane. However, during differentiation into the spermatozoon a regular arrangement of particles appears in the head region. It is interesting to note that two populations of particles were observed. The large particles are regularly arranged in double rows, as a zipper-line, which was mainly seen on the E-face of the sperm plasma membrane lining the head, probably in the postacrosomal region. Our suggestion about this localization of the zipper-line is due to the fact that it is always observed in the wider regions of the Culex quinquefasciatus spermatozoon (see fig 7) . However, the small particles are randomly distributed on the P-and E-faces of the plasma membrane. Studies carried out in the last years have demonstrated that filipin, a polyenic antibiotic, interacts with 3-hydroxysterols, including cholesterol, producing aggregates which are visible as hemispherical bulges in thin sections of the plasma membrane or in freezefracture replicas [11, 28] . The present study has revealed that the density and distribution of filipin-sterol complexes in the plasma membrane of mosquito spermatid undergo distinct changes during its differentiation. The filipin-sterol complexes are distributed in the whole plasma membrane of early spermatid. A change in distribution of filipin-sterol complexes occurs during differentiation of the spermatid, with the appearance of surface domains in the spermatozoon. The highest density of filipin-sterol complexes was observed in the plasma membrane covering the nuclear region. The plasma membrane of the acrosomal and flagellar regions also presents some filipin-sterol complexes. There are no previous studies on the distribution of cholesterol in the plasma membrane of insect sperm.
Previous studies carried out on mammalian spermatozoa have shown that the density of filipin-sterol complexes is higher in the acrosomal region than in the postacrosomal region, which usually is free of such complexes. The membrane lining the flagellum, however, presents a large number of randomly distributed filipin-sterol complexes which are more abundant in the membrane lining the middle piece [ll, 23, 36, 38, 39] . The concentration and localization of cholesterol molecules in the membrane exert a marked influence on its physical state. Its presence tends to decrease the viscosity and to restrict the mobility of phospholipids and proteins. The regional differences observed in the distribution of cholesterol in the mosquito sperm membrane probably are due to specific functions played by some membrane domains, as already suggested for vertebrate spermatozoa [21, 23, 36] .
Therefore, in contrast to the situation of mammalian spermatozoon where the existence of various membrane domains in different cell regions has been well established, the Culex quinquefasciatus spermatozoon displays only a membrane, domain, the zipper-line localized in the postacrosomal region.
